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ABSTRACT 
Experimental determination of the stiffness and strength of continuity tie connections in 
large wood roof diaphragms, and impact on the collective chord model  
Caroline Nicole Yarber 
The goal of this thesis is to determine whether continuity ties in large wood diaphragms 
are stiff enough to engage and provide diaphragm flexural stiffness in a collective chord model. 
Four series of continuity tie assemblies using Simpson Strong-Tie steel connectors were tested to 
determine the stiffness of each assembly. The results found from testing were applied to an 
example building and then analyzed using both the traditional chord method and the collective 
chord method.  
The completed analysis on a typical size warehouse building showed that the collective 
chord model will act inadvertently on an existing building designed with a traditional chord, or 
alternatively will potentially act intentionally in the design of a new building. The relative 
stiffness of the continuity ties will determine if they engage and allow them to act collectively. 
The testing and analysis completed creates a basis for further research into the actual static and 
dynamic behavior of these diaphragms. The collective chord model does seem to be a reasonable 
approximation for how diaphragms actually behave. If more research is conducted into different 
shaped and sized buildings to confirm that the collective chord model will work on most 
buildings then it will be a more accurate way to design new diaphragms and analyze existing 
diaphragms than the current traditional model. 
 
KEYWORDS: Wood diaphragms, Collective chord model, Continuity ties, Flexible 
diaphragm stiffness 
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1.0     INTRODUCTION 
The purpose of this thesis is to experimentally determine the stiffness of the 
repetitive continuity tie system often found in wood diaphragms and determine what 
impact the continuity tie stiffness has on the overall flexural stiffness of the diaphragm. 
Diaphragms have both flexural and shear components of stiffness. The shear component 
is mainly resisted by the sheathing of the diaphragm while the chords are designed to 
carry axial force couples created by the moment, or the flexural component. Proper 
nailing of the sheathing to the framing members develops full resistance to the shear 
component. This thesis is focusing on the flexural component of diaphragm stiffness and 
what impact the repetitive continuity tie system has on the flexural stiffness of the 
diaphragm. The continuity tie system acting as a group of chords is not yet being taken 
into account. The traditional diaphragm model used in practice today assumes that the 
continuity ties do not participate in the flexural diaphragm load resistance. In the current 
model used today, the chords of the diaphragm are located at the perimeter boundaries, 
often embedded within the building’s exterior walls. These chords are often composed of 
the rebar that is in the exterior walls and are the only chords considered to be acting in the 
diaphragm. If the collection of continuity tie steel connectors is stiff enough, it is possible 
for the traditional diaphragm analysis, using a single perimeter chord, to be altered and 
assume a linear force distribution across a collection of chords distributed through the 
diaphragm. All of the continuity ties would then be considered to participate as chords in 
the diaphragm. The goal of this thesis is to determine whether the collective chord model 
is stiff enough overall to engage and provide diaphragm flexural stiffness.    
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2.0      BACKGROUND 
Horizontal diaphragms can be constructed of many systems.  Large, big box retail 
and warehouse building diaphragms are typically constructed of wood panelized roof 
systems or steel decking. Per ASCE 7-05 12.11.2.2.3, continuity ties are a code 
requirement for diaphragms supporting concrete or masonry walls in seismically active 
areas. This thesis is looking at concrete or masonry walled buildings with flexible 
panelized wood diaphragms. 
2.1     The Collective Chord Model 
Beginning about fifteen years ago, engineers and researchers began to question 
the traditional chord model used on diaphragms (Bender, Gerbremdehin and Pollock 
1996). Only the perimeter members of the diaphragm were being used in practice as 
chords in the diaphragm. The interior continuity ties were considered to only distribute 
wall anchorage loads into the diaphragm, not to behave as collective chords.  Figure A on 
the next page shows the traditional diaphragm model perimeter-chord force distribution.  
The green line is the perimeter chord force in tension. The red line is the perimeter chord 
force in compression. 
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Figure A: Traditional Distribution of Chord Forces in a Diaphragm 
 
For Figure A above: 
w = Diaphragm Load (lbs/ft) 
L = Diaphragm Length (ft) 
b = Diaphragm Width (ft) 
b
Chord Compression
w
L
Chord Tension
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Thus the diaphragm chords in the traditional model have high forces because the exterior 
chords are the only members being used to resist diaphragm flexure. 
The chord forces could become significantly large in very wide buildings, thus 
making it difficult to adequately design the chords. Because the chord forces could 
become so large, a few professionals in the structural engineering industry began to 
investigate an alternative diaphragm design model. The alternative chord design model, 
which considers the interior continuity ties as diaphragm chords, is called a collective 
chord model (Lawson 2007). The collective chord model uses multiple chords distributed 
across the diaphragm to distribute flexural forces throughout the diaphragm. Figure B on 
the next page shows the collective chord model force distribution.  The green lines show 
the continuity ties acting as collective chords in tension. The red lines show the 
continuity ties acting as collective chords in compression. 
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Figure B: Collective Chord Force Distribution 
 
For Figure B above: 
w = Diaphragm Load (lbs/ft) 
L = Diaphragm Length (ft) 
b = Diaphragm Width (ft) 
s = Continuity Tie Spacing (ft) 
F0 = Force in Extreme Continuity Tie (kips) 
Chord Tension
F o
F1
s F2
F3
b
F n-2
F n-1
Fn
Chord Compression
w
L
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In the collective chord model the continuity ties receive linearly decreasing load starting 
at the exterior of the diaphragm, moving towards the center. This model greatly reduces 
the forces in the exterior chords, thus making the forces more manageable to design for. 
With the reduced demand on the exterior chords, there will be an increased demand on 
the interior continuity ties, ranging from no chord force demand at the diaphragm’s 
neutral axis to an increasing chord force demand towards the diaphragm’s perimeter. The 
continuity ties are currently designed for wall anchorage force demands, and thus may 
already have sufficient capacity for the collective chord forces with no additional 
strengthening. 
2.2      Continuity Ties in Masonry and Concrete Buildings 
This thesis is exploring the idea that the continuity ties in masonry and concrete 
buildings indeed see a linear increase in force distribution from the bending neutral axis 
of the diaphragm. Part of this assumption has roots in the fact that the steel connection 
and purlin assembly provides a certain amount of in-plane flexural stiffness to the 
diaphragm. A purlin is a horizontal structural beam in a roof that provides intermediate 
support for common rafters. The relative axial stiffness of the assembly provides a 
continuous force transfer through the continuity tie, meaning the assembly could be 
considered a contributing chord. Wood diaphragm buildings are common to the highly 
seismic western United States. Continuity ties are a code requirement in high seismic 
areas, per ASCE 7-05, for wood diaphragms supporting concrete or masonry walls.  
Most wood continuity ties require steel connections at every girder interruption to 
splice together members that span diaphragms more than a single member length. 
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Continuity tie connections can use a variety of steel connectors and assemblies. Different 
stiffness values can be expected based on the steel connector and assembly combination. 
The wall anchorage force demand of the system determines the products and assemblies 
used in the continuity ties. Figure C below shows a typical double sided interior steel 
connector connection of a continuity tie in a wood diaphragm. When the steel connectors 
use screws they must be offset to avoid fastener conflict. When the steel connectors use 
bolts they may line up so the bolts go through both steel connectors on each side of the 
glulam. 
 
 
Figure C: Chord to Chord Continuity Tie Connection Detail at Girder 
Source: APA The Engineered Wood Association 2011 
Steel connector 
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Steel connectors can use nails, screws or bolts at continuity tie connections. This thesis 
looks at all three types of continuity tie connections. The first steel connector investigated 
was a single sided Simpson Strong-Tie HDU8-S2.5. Figure C above shows a double 
sided HDU connector configuration that is also possible. This steel connector uses screws 
to attach to the purlin. There are no oversized holes in the purlin for installing the screws 
but there are oversized pre-drilled holes in the HDU8-S2.5 steel bracket. The second steel 
connector investigated was a Simpson Strong-Tie’s HD7B. Both a single sided and 
double sided configurations were investigated in the testing. The HD7B uses pre-drilled, 
1/16′′ oversized holes with bolts to attach to the purlin. The oversized holes allow for 
easier construction with any minimal misalignment during construction, and the possible 
slip that occurs is taken into account when the anchor rod is installed. When the anchor 
rod is attached to the bracket there is a washer and nut attached at the end of the anchor 
rod. This washer and nut are finger tightened and then tightened half a turn with a wrench 
per the manufacturer’s installation instructions. The tightening of the nut removes the slip 
of the bolts in the oversized holes. These configurations were chosen to compare the 
relative stiffness of the two setups. The last steel connector investigated was a Simpson 
Strong-Tie’s MST 60 Strap. The MST 60 strap is attached with nails through the wood 
OSB sheathing and into the main member. The nail attachment has the potential for nail 
slip behavior, which is generally a nonlinear behavior. This study compared the relative 
stiffness of these four systems.  
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2.3      Verification 
 If the continuity tie assembly stiffness was found to be comparable to an existing 
traditional rebar chord stiffness, the assumption that there is a distribution of forces 
throughout the continuity ties in the diaphragm could be supported. For example, if the 
rebar stiffness of a traditional chord is found to be twenty times as stiff as the continuity 
tie assembly, there would be few scenarios where the continuity tie assembly could be 
considered as an effective contributing chord member. The relative stiffness of the 
traditional rebar chord would attract significantly more of the force than the continuity tie 
assembly.  If the collective chord model’s assumption that the continuity tie’s stiffness is 
equal to or greater than the traditional continuous rebar chord were challenged, more 
testing would need to be performed to justify the new design model for diaphragms. 
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3.0     LITERATURE REVIEW 
The following review of articles provides some insight into why this thesis is 
important and why it is necessary to help further development in the structural 
engineering field. 
3.1 Loading of the Diaphragm 
Bender, Gerbremdehin and Pollack proposed two design modifications to the 
traditional all-wood diaphragm design method. The modifications are load sharing among 
roof purlins, or chords, and an assumed fixed condition at the ends of the roof (1996). 
Load sharing among roof chords is the main consideration in the collective chord model. 
If a linear load distribution is assumed throughout the depth of a diaphragm, and interior 
chords are assumed to assist the exterior chords in resisting an interior diaphragm 
moment created from an applied seismic force, an 82 percent reduction in chord force 
from the traditional method is calculated for the configuration and size of the example 
diaphragm used (Bender, Gerbremdehin and Pollack 1996). Load sharing among purlins 
would allow interior chords to contribute to resisting diaphragm moments proportional to 
their distance from the neutral axis of the roof.  
Load sharing among purlins is the main concept proposed by Lawson’s new 
collective chord model (Lawson 2007). The collective chord model allows interior chords 
to contribute to resisting diaphragm moments. A simple example was used by Lawson to 
show the difference in external chord forces between the collective chord model and the 
traditional model. There is a 36 percent reduction in exterior chord forces when using the 
collective chord model on a small sample building. The collective chord model relies on 
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the idea that the continuity ties linearly resist loads throughout the diaphragm. Neither 
Lawson nor Bender, et al. mentioned anything about how the connections’ behavior 
impacts the design of the diaphragm. This thesis is breaking ground on how the 
connection design impacts diaphragm behavior and as such is important to the further 
development of diaphragms.  
3.2     Diaphragm Connection Detailing  
The new proposed collective chord model’s main concept is that the interior 
chords contribute to resisting diaphragm moments. Because these interior chords are 
traditionally not designed for chord forces, their connections are only designed for wall 
anchorage forces per ASCE 7-05. The continuity tie connections become more important 
in the collective chord model and need to be properly modeled and analyzed so their 
design is appropriate for the forces the continuity ties might encounter. 
According to Falk and Moody there are performance differences in code design 
criteria and the analytical models (1989). These differences limit efficiency and 
uniformity in the design of wood buildings. Horizontal and vertical diaphragms are the 
main mechanism for resisting lateral loads in light frame buildings. The shear capacity in 
a diaphragm can be limited by the lateral connections at diaphragm boundaries. 
Traditional analysis methods assume diaphragms behave like a deep beam with the 
chords acting as the flanges and the sheathing as the web. Little work has been done to 
further develop the actual behavior of diaphragms if they do not truly behave like a deep 
beam model. Models by Foshci, GangaRao et al. and, Falk and Itani have explored the 
interaction between the fasteners and the framing members of the diaphragm. Their 
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models have been verified through testing of isolated diaphragms and have shown that 
the lateral load response of the building is dependent not only on the walls and 
diaphragms but also on the inter component connections of the fasteners and framing 
members. This thesis is focusing on the inter component connections and their impact on 
the overall horizontal diaphragm. The inter component connections are important in the 
accuracy of analysis of the diaphragm. Falk and Moody’s discussion of the need for 
accurate modeling of inter component connections emphasizes the need for research on 
the inter component, lateral load connections, which this thesis will be focusing on.  
To familiarize owners, engineers, and craftsmen with the importance of lateral 
load connections for roof diaphragms, APA The Engineered Wood Association published 
a data file on proper lateral load connections for roof diaphragms (APA The Engineered 
Wood Association 2000). The data file was originally produced in response to the code 
changes introduced after the San Fernando earthquake of 1971 into the UBC 1973 and 
1976 requiring continuous cross ties for wall anchorage that connect opposite diaphragm 
chords. These changes came after failures of some panelized roof diaphragms during the 
San Fernando Earthquake. Currently the lateral connection details must meet the code 
requirements to transfer wind or seismic lateral forces. This thesis will be looking at the 
behavior of the lateral load connections of these continuity ties. 
It is important to properly design diaphragm connections both at the interior and 
exterior of the diaphragm. An example of improper diaphragm connection detailing 
occurred during the Landers Earthquake of 1992 (Brandow 1992). There was a failure of 
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a KMART retail diaphragm connection due to improper connection detailing. Refer to 
Figure D below for a visual of connection failure 
 
Figure D: Failure of Diaphragm Connection of Retail Building 
Source: Brandow 1992 
The failure of the rigid wall, flexible diaphragm (RW/FD) building demonstrated the lack 
of understanding of the seismic performance of this class of building and the design 
requirements for the structural system.  RW/FD buildings rely on the structural detailing 
to ensure the seismic forces can be transferred from the walls to the flexible diaphragm 
based on the location and stiffness of the walls. Poor detailing of the diaphragm to wall 
connection of the KMART building led to the diaphragm pulling away from the walls, 
causing several inches of deflections. The large deflection of the flexible diaphragm was 
incompatible with the rigidity of the masonry walls, causing four to six inches of 
separation between the two. Overall the building failures resulted from detail design 
deficiencies in the distribution of the horizontal shear through detailing of diaphragm 
chords and collectors to the diaphragm boundaries. Even though Brandow’s case study 
Failure of diaphragm connection to wall 
Failure of diaphragm connection to wall 
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focused on the diaphragm to wall connection, the case study verifies the importance of all 
detailing of diaphragm connections, including continuity tie connections. The proposed 
testing of this thesis will be investigating diaphragm detail connections.  
The collective chord model assumes a linear force distribution of chord forces in 
the diaphragm, thus suggesting very small chord forces. This thesis will check the 
assumption that typical design loads are small enough to stay in the linear elastic range. 
3.3 Proposed Code Equation Alterations for Diaphragm Behavior 
Another phase in more accurately modeling diaphragm behavior is updating the 
current code equations. Some of the industry has already recognized the need to update 
the code equations and have already proposed some modifications. 
Freeman, Searer, and Gilmartin proposed that a new approach to the design of 
rigid wall/flexible diaphragm (RW/FD) buildings should be investigated (2002). Current 
code provisions use temporary fixes to address problems that have arisen with major 
earthquakes. Some of the problems that have arisen are inadequate provisions to tie the 
building components together to act as a complete structure and the horizontal diaphragm 
dominates the building’s seismic response. Current codes assume the seismic forces in 
buildings are based on the dynamic response of the vertical walls and frames, but RW/FD 
buildings’ seismic forces are more a function of the dynamic response of the flexible 
horizontal diaphragm. The relatively rigid shear walls have very short periods, and thus 
the ground motion has little amplification as it travels from the ground to the top of the 
walls and into the diaphragm. The diaphragms have relatively large periods and thus their 
behavior defines the fundamental mode of vibration of the building. Thus the diaphragm 
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stiffness will impact the building’s seismic response more than the shear wall stiffness. 
The actual dynamic responses mentioned have begun to be addressed by the building 
codes with temporary fixes, but the temporary fixes recommended by the building codes 
do not properly address the dynamic response problems long term. Due to an irrational 
approach that discourages engineers’ ability to exercise engineering judgment within the 
context of the building code, a new approach based on the dynamics of RW/FD buildings 
needs to be developed. This thesis aims to break ground on determining an accurate 
flexural stiffness model that can be utilized by researchers investigating RW/FD 
dynamics. 
 The SEAOC Seismology Committee also sees the need to investigate a new way 
to approach the seismic design of low rise RW/FD buildings. An alternative view to the 
current equivalent lateral force analysis in ASCE-7 and the 2006 IBC was offered by the 
SEAOC Seismology Committee in 2008 (SEAOC Seismology Committee 2008). A more 
appropriate approach computes the seismic response based on the diaphragm and wall 
out-of-plane periods. This approach calculates the chord forces in the diaphragm based 
on the period of the overall building seismic response rather than as a direct function of 
building height and the lateral force-resisting system stiffness of vertical structural 
elements. The SEAOC Seismology Committee believes the proposed alternative analysis 
method proposed by Freeman, Searer, and Gilmartin  in 2002 provides a rational 
approach that computes the seismic response more accurately, based on diaphragm and 
wall out-of-plane periods (SEAOC Seismology Committee 2008).  
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On the scholarly level, proposal Project Director Lawson created an Extramural 
Funding Initiative (EFI) submission to California Polytechnic State University of San 
Luis Obispo in October of 2010 to receive funding for research of seismic stiffness into 
large wood diaphragms (Lawson 2010). The proposed research is to develop an accurate 
approach to predict the behavior of large wood building diaphragms undergoing large 
earthquake forces. The Structural Engineers Association of California Rigid 
Wall/Flexible Diaphragm (RW/FD) Task Group is studying the seismic behavior of 
RW/FD buildings. Lawson’s EFI submission directly relates to the research desired by 
the RW/FD Task Group. In the EFI submission graduate student and author of the present 
thesis, Caroline Yarber, carried out most of the experimental work that is being 
researched for this thesis. This thesis will be focusing on the connections of the interior 
chords of diaphragms.  
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4.0     SCOPE 
The purpose of this thesis is to experimentally determine the stiffness of the 
repetitive continuity tie system in a wood diaphragm and determine what impact the 
continuity ties have on the overall flexural stiffness of the diaphragm. Four different 
experiments of steel connector assemblies were performed. Each experiment had three 
trials to compare results.  
All steel connector designations were associated with Simpson Strong-Tie 
products. Simpson Strong-Tie holds over 90% of the market share for the types of 
products used in continuity tie assemblies, thus it is appropriate to select their patented 
products for this thesis. The first test series, H1, was the single sided HDU8-S2.5 test 
assembly. The second test series, H2, was the single sided HD7B test assembly. The third 
test series, H3, was the double sided HD7B test assembly. The fourth test series, S1, was 
the MST60 strap test assembly. Figure E on the next page gives a summary of the steel 
connector assemblies. 
Each test assembly was a tension test. The steel connectors were installed per the 
manufacturer’s requirements and Acceptance Criteria 155 (AC155). AC155 was also 
used as a guide to conduct the tests. For example, the number of specimens per series, the 
rate of loading, and steel connector placement were based on AC155 requirements.  
There were multiple items being measured. The capacity of the steel connector 
was measured. The relative displacement between the steel connector’s anchor rod and 
the glulam was measured. Figure E on the next page shows the general test setup. 
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Figure E: Drawing of the general test setup for the Simpson Strong-Tie hold down 
series 
 
More detailed CAD drawings of the individual test setups can be found in the appendix. 
Figure F, found on the next page, shows the general setup for the LVDTs on a test 
specimen. 
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Figure F: Drawing of the general LVDT setup for the Simpson Strong-Tie 
hold down series 
 
More detailed CAD drawings of the individual LVDT setups can be found in the 
appendix.  
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5.0     TESTING 
Simpson Strong-Tie was contacted to determine what the most typical steel 
connectors were for seismic continuity ties and seismic retrofitting. The HD7B was 
identified as being a common connector specified for this purpose and was determined to 
be suitable as a test specimen. In addition, the HDU8-S2.5 connector and the MST 60 
strap were also identified as having the potential for similar usage in the industry as a 
purlin continuity tie yet with potentially very different testing results due to their use of 
screws and nails. There were four different configurations with the three different steel 
connectors. The HDU8-S2.5 was a single sided assembly. The HD7B was both a single 
and double sided assembly. The MST 60 strap was a single sided assembly. Figure G 
below is a summary of the steel connectors used and their assembly for the specimen.  
Series Steel Connector Type 
Simpson Strong-Tie brand 
Single or Double 
Sided Assembly 
H1 HDU8-S2.5 Single 
H2 HD7B Single 
H3 HD7B Double 
S1 MST 60 Strap Single 
Figure G: Summary of Steel connectors Used 
 
These steel connectors were chosen because they are used fairly commonly in the 
building construction. 
5.1  Material Acquisition  
Over the summer of 2011, contacts were made with Simpson Strong-Tie and 
Beven Herron by John Lawson. Simpson Strong-Tie was interested in the research being 
conducted and offered to donate all steel connectors, fasteners, and anchor rods needed. 
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They also supplied a specially built bracket for the test setup and two steel load plates. 
Beven Herron of La Mirada, California donated all glulam materials needed for testing. 
5.2 Testing Issues 
There were multiple testing issues that needed to be considered when the test 
specimens were being designed. The linear variable differential transformer location, the 
eccentricity due to the single-sided steel connector configuration and the strap 
configuration all needed to be worked out before testing occurred.  
5.2.1 Linear Variable Differential Transformer (LVDT) Locations 
The Linear Variable Differential Transformer (LVDT) locations were determined 
from the best location to acquire data for linear movement between the steel connector 
and the glulam as well as any deformation within the bracket and any stretch of the 
anchor rod. The overall system deformation was being captured, not the isolated 
deformation of individual components. Two different types of LVDTs were used in 
collecting data. One of the LVDTs is a more precise instrument and records data to the 
nearest thousandth of an inch. The other LVDT records data to the nearest hundredth of 
an inch but over a wider range of movement. If both sets of LVDTs recorded the same 
deformation and the specimen deformed more than could be recorded by the more precise 
LVDT the moderately accurate LVDT data was used to calculate the stiffness. The 
moderately precise LVDT was used in all graphs because the longer deformation range 
was needed and the difference between deformation of the more precise LVDT and 
moderately precise LVDT was minimal.  
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 Each wide face of the glulam had a blue, more precise, and red, moderately 
precise, LVDT attached to it. The blue and red LVDTs were on opposite corners of each 
face of the glulam. The alternating LVDT placement was done to help capture any 
specimen rotation that occurred during testing. The data from the each set of LVDTs was 
averaged after the test was complete to account for any rotation that occurred during 
testing. The difference in deformation between each pair of LVDTs at opposing locations 
was minimal indicating little rotation during loading and thus averaging was often 
unnecessary. 
The placement of the LVDTs was put at the lowest bolt or screw connection of 
the steel connector. If the LVDT’s were place above the lowest bolt or screw they would 
not have captured the desired movement between the steel connector and glulam. 
5.2.2 Eccentricity Due to Single Sided Configuration 
The design of the test setup for the single sided configurations had to take into account 
the eccentricity from the offset anchor rod. Therefore a two part apparatus was designed 
to help counteract the forces caused by the eccentric anchor rod. One piece was located at 
the bottom of the glulam and the second piece was located at the top of the glulam 
creating a resisting force couple. Each piece was attached to the Riehle Universal Testing 
Machine so there would be a stiff enough connection to truly counteract the forces 
created by the anchor rod’s eccentricity. Figure H on the next page displays the forces 
being applied and the reactions formed from the eccentricity apparatus.  
The two brackets at the top of the glulam were anchored to the upper head of the 
Riehle universal loading machine. These brackets had bolt head that could be adjusted to 
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fit snugly against the glulam and prevent any rotation at the top of the configuration due 
to eccentric loading. Figures I and J found on the following pages show the upper 
brackets used to counteract any eccentricity caused by the single sided test setup. 
 
Figure H: Forces and Reactions of the Eccentricity Test Setup 
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Figure I: Upper Piece of Eccentricity Apparatus Attached to Upper Head of 
Riehle Machine 
 
 
Figure J: Side View of Upper Piece of Eccentricity Apparatus. Smoothed 
Bolt Heads Fit Snugly Against Glulam to Prevent Rotation. 
Upper piece of eccentricity apparatus 
Smoothed bolt heads 
Upper piece of eccentricity apparatus 
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The bracket at the bottom of the glulam fit down into the open jaw area of the 
lower head of the Riehle universal loading machine. There were two wheels attached to 
this bracket that rested against the side near the bottom of the glulam and prevented any 
rotation caused by the anchor rod’s eccentricity. Figure K below and Figures L, and M, 
found on the following pages, show different views of the lower eccentricity apparatus 
used for the single sided test setup. 
 
Figure K: Bottom Bracket of Eccentricity Apparatus for Single Sided Test 
Setup. Piece Is set in Open Jaw Area of Bottom Jaw of Riehle Machine. 
Wheel of eccentricity bracket 
Grip of eccentricity bracket 
into lower jaw  
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Figure L: Side View of Wheel Setup of Bottom Bracket of Eccentricity 
Apparatus for Single Sided Test Setup 
 
 
Figure M: Overhead View of Wheel Setup of Bottom Bracket of Eccentricity 
Apparatus for Single Sided Test Setup 
Bottom bracket of eccentricity apparatus 
Wheel setup of bottom eccentricity bracket 
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5.2.3 MST 60 Strap Configuration 
The MST 60 strap configuration was also a single sided configuration. But this 
steel connector was different from the other steel connectors and needed a slightly 
different configuration from what had already been designed. In practice, on panelized 
wood roof diaphragms the MST 60 strap is generally installed on top of plywood or OSB 
sheathing after the plywood or OSB sheathing has been installed on top of the glulams. 
While the test specimens had the strap nailed over the sheathing, the setup that was tested 
was slightly different from the traditional construction setup. For the testing setup, the 
OSB was attached to the wide face of the glulam beam to minimize the experimental 
eccentricity as seen in Figure N below. 
 
Figure N: OSB Attached to Wide Face of Glulam 
 
The nail spacing was similar to traditional construction setups. The MST 60 strap was 
attached on top of the OSB as seen in Figure O on the next page. 
OSB attachment to glulam 
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Figure O: MST 60 Strap Attached to Specimen on Top of OSB 
 
Thirty 10d nails were used to secure the MST 60 strap to the OSB and glulam. 
One more nail could have been added but was decided against to help prevent any 
splitting in the glulam. 
5.2.4 Anchor Rod Pre-Loading 
Per the Simpson Strong-Tie Catalogue and ASTM standards, the anchor nut had 
to be finger-tight plus half turn with a hand wrench. This requirement pre-loaded the 
anchor rod but the anchor rod relaxed after a couple of a minutes. Before starting the 
testing the load cell was zeroed out. The pre-loading data was recorded but not 
considered as part of the test. 
5.3 Test Setup and Procedure 
Once the testing issues were worked out, the four test series were completed per a 
specified testing procedure based on the Acceptance Criteria 155 (AC155). AC155 is a 
guideline for demonstrating compliance with performance features of the applicable 
MST 60 strap attached to specimen 
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codes referenced in the acceptance criteria. It should be noted that each test completed 
only comprises half of and actual continuity tie connection assembly, from girder center 
line to girder center line. Installed continuity ties have two steel connectors per anchor 
rod, a steel connector on each end of the anchor rod with the system centered on the 
glulam girder. 
5.3.1 H1 Series, Single Sided HDU8-S2.5 
The H1 series was a single sided HDU8-S2.5. There were three tests completed 
with the HDU8-S2.5 setup. Figure P shown below shows the technical layout of H1 
LVDT setup. Refer to the appendix for more detailed CAD drawings of the full test 
setup. 
 
Figure P: Drawings of HDU8-S2.5 Instrumentation Placement 
 
Figure Q on the next page shows the physical test setup of the front side of the glulam. 
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Figure Q: Test Specimen H1.2 Front Side LVDT Locations  
 
Figure R below shows the physical test setup of the back side of the glulam. 
 
Figure R: Test Specimen H1.2 Back Side LVDT Location Setup 
Fabricated steel bracket 
HDU8-S2.5 
LVDTs 
Anchor rod 
Fabricated steel bracket 
Lower eccentricity bracket LVDTs 
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Refer to the appendix for a detailed description of the testing procedure for the H1 
series. 
5.3.2 H2 Series, Single Sided HD7B 
The H2 series was a single sided HD7B. There were three tests completed with 
the HD7B setup. Figure S below shows the technical layout of the H1 LVDT setup. Refer 
to the appendix for more detailed drawings of the full test setup. 
 
Figure S: LVDT Setup for the HD7B Single Sided Configuration 
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Figure T below shows the physical test setup of the front side of the glulam. 
 
Figure T: Test Specimen H2.1 Front Side LVDT Location Setup 
 
Figure U below shows the physical test setup of the back side of the glulam. 
 
Figure U: Test Specimen H2.1 Back Side LVDT Location Setup 
 
Fabricated steel bracket 
HD7B single sided 
LVDTs 
Anchor rod 
Lower eccentricity bracket 
LVDTs 
Bolts from HD7B single sided 
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Refer to the appendix for a detailed description of the testing procedure for the H2 
series. 
5.3.3 H3 Series, Double Sided HD7B 
The H3 series was a double sided HD7B. There were three tests completed with 
the HD7B setup. Figure V below shows the technical layout of H3 LVDT setup. Refer to 
the appendix for more detailed CAD drawings of the full test setup. 
 
Figure V: LVDT Location for the HD7B Double Sided Setup 
 
Figure W on the following page shows the physical test setup for the front side of the 
glulam. 
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Figure W: Test Specimen H3.3 Front Side LVDT Location Setup 
 
Figure below shows the physical test setup for the back side of the glulam. 
 
Figure X: Test Specimen H3.3 Back Side LVDT Location Setup 
Fabricated steel bracket 
HD7B double sided 
LVDTs 
Anchor rod 
Fabricated steel bracket 
HD7B double sided 
LVDTs 
Anchor rod 
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Refer to the appendix for a detailed description of the testing procedure for the H3 
series. 
5.3.4 S1 Series, Single Sided MST 60 Strap 
The S1 series was a single sided MST 60 strap. There were three tests completed 
with the MST 60 strap setup. Figure Y below shows the technical layout of S1 LVDT 
setup. Refer to the appendix for more detailed CAD drawings of the full test setup. 
 
Figure Y: LVDT Locations for MST60 Strap Setup 
 
 Figure Z on the following page shows the physical test setup for the front side of the 
glulam. 
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Figure Z: Physical Test Setup of LVDTs on the Front Side of the Glulam for 
S1 Series 
Figures AA below and BB on the following page show close up pictures of the LVDT 
setup for the MST 60 strap. 
 
Figure AA: Close up of Upper LVDT for S1 Series 
Upper eccentricity brackets 
Fabricated steel bracket 
LVDT
s 
MST 60 strap 
Upper LVDT 
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Figure BB: Close up of Lower LVDT for S1 Series 
 
The back side of the glulam did not have any sensors located on it. The only item located 
on the back of the glulam was the eccentricity apparatus, as shown below in Figure CC.  
 
Figure CC: Backside of S1 Series with Eccentricity Apparatus 
 
 Refer to the appendix for a detailed description of the testing procedure for the S1 series.  
Lower LVDT 
Fabricated steel bracket 
Lower eccentricity bracket 
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6.0     RESULTS 
For each test there was data from two highly sensitive LVDTs, two moderately 
sensitive LVDTs, and a load cell. All data acquisition devices were calibrated before the 
test. All data from the load cell and LVDTs were zeroed out before the loading started 
from the Riehle machine. The data from the two highly sensitive LVDTs were averaged 
to take into account any rotation that occurred during the testing. The same procedure 
was repeated for the moderately sensitive LVDTs. When all of the data analysis was 
completed, the data was graphed on a force vs. deflection graph. 
This procedure was completed for each test. Once all tests for a series were 
completed, the three test graphs were then combined onto one graph to show the 
comparison of the tests for the series. The final graph, Figure RR, showed a comparison 
of each test series to all other test series. 
6.1 Individual Series Results 
For each series the stiffness of the configuration was found based on the collected 
data.  The stiffness was calculated by reviewing the data from start to maximum tested 
strength based allowable load capacity per the AC155 specifications. The strength based 
design load and the allowable load lines shown on the graphs for each series were 
calculated with the tested data per AC155 without the deformational limit criteria. This 
portion of the data was generally linear and thus could easily provide a uniform stiffness 
for the configuration tested.  
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6.1.1 H1 Series 
The H1 tests all yielded a similar two stage failure. The first failure occurred 
when a split formed down one side of the wood member adjacent to the steel connector. 
Figure DD below, displays the split of the wood  
 
Figure DD: Split Forming in the Wood Next to the Side of the HDU8-S2.5 
During Testing 
 
After that failure occurred, the configuration continued to take load for about two to three 
minutes longer until the next failure mode occurred, a shear plug failure. The entire steel 
connector assembly was grabbing the glulam which is what allowed the configuration to 
continue taking load after the split formed down the line of screws. Figure EE on the 
following page  displays the steel connector gripping the wood.  
Split forming during testing 
HDU8-S2.5 
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Figure EE: Overhead View of HDU8-S2.5 Gripping Wood During Test 
 
Figure FF below shows the shear plug failure. 
 
Figure FF: Typical Shear Plug Failure for H1 Series 
 
All three tests of the series failed first with a split then with a shear plug failure. 
Figures GG and HH on the following pages are the graphs of the results from the HDU8-
S2.5 tests. Force versus displacement was graphed because those were the data items of 
HDU8-S2.5 grabbing wood 
Shear plug failure 
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interest that could be reasonably compared to current data. Figure GG below displays the 
force vs. displacement curves for the maximum capacity of each H1 series test. The graph 
also has a black line representing the average of all the three HDU8 tests. The tests were 
relatively consistent; therefore, the average force vs. deflection curve fell in the middle of 
the three test curves. The tested strength based allowable load and the strength level 
factored resistance per AC155 is also included on Figure GG below. 
 
Figure GG: Force vs. Displacement Curves for the HDU8-S2.5 Test Series. 
This Graph Shows All Data Points. 
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All three test results from the HUD8-S2.5 series test yielded about the same steel 
connector assembly stiffness. The maximum capacity of the steel connector assembly did 
vary by about 22% from the lowest to highest capacity. Maximum displacement values 
varied by about 23% from the smallest to largest displacement.  
6.1.2 H2 Series 
 All three tests from the H2 series failed when a split formed along the bolt line of 
the configuration. Figure HH below displays the split in the glulam. 
 
Figure HH: Back Side View of Typical Split in H2 Series on the Left Photo, 
Front Side View of Typical Split in H2 Series on the Right Photo 
  
As the specimen was being loaded, the bolts would rotate. The rotating bolts and their 
washers would begin to grab the wood. Figure II on the following page shows the bolts 
and washers grabbing the glulam.  
Split forming 
during testing 
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Figure II: Backside View of H2 Series Showing the Bolts and Washers 
Grabbing the Wood After Rotating While Load Was Applied 
 
This grabbing caused some form of an artificial ductility in the configuration. The 
specimens were able to continue holding load after the split was fully formed in the 
glulam. 
Figure JJ on the following page is a force vs. displacement curve for the 
maximum capacity data points of the three HD7B tests. The graph displays the 
consistency of the test in terms of slope, or stiffness, of the graphs. The black line is the 
average value of the maximum capacity of the tests. The black line almost covers the 
other tests entirely and is thus an extremely good summary of the test results. The tested 
strength based allowable load and the strength level factored resistance per AC155 is also 
included on Figure JJ on the following page. The maximum capacity of the steel 
connector was the only major difference between tests. There was about a 19% difference 
in capacity between the three tests and about a 40% difference in deflection.  
Bolts and washers rotating 
and grabbing the wood 
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Figure JJ: Force vs. Displacement Curve for Maximum Capacity Values for 
the H2 Series 
 
6.1.3 H3 Series 
The entire H3 series test failed in a shear plug failure. There was minimal 
ductility in the system. The failure was much more of a brittle failure than any of the 
other hold downs. Figures KK and LL on the next page show the shear plug failure from 
different angles.  
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Figure KK: Close Up View of Typical Shear Plug Failure for the H3 Series 
 
 
Figure LL: Overall View of Typical Shear Plug Failure for H3 Series 
Shear plug failure 
Shear plug failure 
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Figure MM below is the force vs. displacement graph for the maximum capacity 
values in the HD7B double sided test series. The black line is the average force vs. 
deflection curve for all three tests. Because the black line falls in between all three tests, 
it is a good summary of the test results. The tested strength based allowable load and the 
strength level factored resistance per AC155 is also included on Figure MM below. The 
three tests yielded fairly consistent results. The second test had a lower overall stiffness 
than the other two tests, but the specimen was still able to reach about the same 
maximum load as the other two tests. There was about a 17% difference in maximum 
capacity of the test and about 42% difference in the deflection between tests. 
 
Figure MM: Force vs. Deflection Curve for Maximum Capacity Values of the 
H3 Series 
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6.1.4 S1 Series 
 There were two items being measured for the S1 series. The displacement 
between the MST 60 strap and the glulam was recorded as well as the displacement 
between the OSB and the glulam. All three tests failed in a net tension through one of the 
holes in the strap designed for alternative bolting or sales display. The net tension failure 
is shown in Figure NN below and OO on the following page. 
 
Figure NN: Net Tension Failure of MST 60 Strap in Relation to End of the 
Glulam Specimen 
 
Net tension failure of MST 60 strap 
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Figure OO: Close Up View MST 60 Strap Typical Net Tension Failure of S1 
Series 
 
Figure PP on the next page shows the force vs. displacement curve for the 
maximum capacity values of the MST 60 strap tests by computing the difference between 
the strap and the glulam deflection.  Similarly, Figure QQ shows the force vs. 
displacement curve associated with the difference between the OSB and the glulam 
deflection. The failure sequence was exactly the same for all three tests. The graphs 
display the consistent behavior well. The black line is the average force vs. displacement 
curve. In Figure PP, it falls directly in the middle of all three tests and almost exactly on 
top of one of the tests. There was less than a 3% difference between maximum capacities 
of the strap for all tests. There was about a 28% difference in deflection between the strap 
and the glulam for all the tests. 
Typical net tension failure 
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Figure PP: Force vs. Deflection Curve for the Maximum Capacity Values of 
the S1 Series When Looking at the Deflection Between the Strap and the Glulam 
 
The slip between the OSB and glulam did not contribute to the total assembly 
deformation until about 300 pounds of load. Once the OSB attachment began to 
contribute to the assembly deformation it contributed between 30% to 40% of the overall 
deformation, while the MST 60 strap and its attachment contributed the remaining 60% 
to 70% of total deformation.   
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Figure QQ below shows the maximum displacement between the OSB and the 
glulam. The black line is the average force vs. deflection curve for the deflection between 
the OSB and glulam. 
 
Figure QQ: Force vs. Deflection Curve for Maximum Displacement of the S1 
Series When Looking at the Deflection Between the OSB and Glulam 
 
6.2 Series Comparison Results 
Figure RR on the following page displays all four test series on the same force vs. 
displacement graph. This force vs. deflection curve only displays the average value curve 
for each test series. The average value curves are the average of the data of three tests in a 
series until the earliest failure occurred in one of the tests. Once a failure occurred the 
averaging of data was stopped because averaging of the two continuing tests would yield 
skewed results. 
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Figure RR: Force vs. Deflection Curves Comparison for all of the Series 
 
The force vs. displacement curves for the S1 series were not nearly as linear as the 
other steel connector force vs. displacement curves. The S1 series, or the MST 60 strap, 
had a significant amount of nail slip during the test. The nail slip was to be expected 
because the strap was secured with nails. The straps had a significantly lower capacity 
than the other steel connectors as expected based on the capacity ratings. The straps’ 
stiffness was also higher than the H1 and H2 series, but the force vs. displacement curve 
was approximately cubic vs. linear. The H3 series was the stiffest configuration tested, 
which is logical due to the double steel connector and rod configuration. The assembly 
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was stiffer and less ductile than the other configurations. The H1 and H2 series had 
relatively close stiffnesses to each other, although the H1 series had a higher capacity 
than the H2 series. The expected allowable strength was calculated with a multi-step 
process from AC155. The tested strength based allowable load was calculated first per 
AC155 using the equation below. 
     
                                     
 
 
Where: 
 Pall = Tested Strength Based Allowable Load 
Rs(assembly) = Strength Reduction Factor for the Hold-Down Device Used in 
Assembly Testing 
A Rs(assembly) = 1 was used. The tested strength based allowable load was then multiplied 
by 1.4 to bring it up to the strength level factored load using the equation below. 
           
Where: 
 Ps = Strength Level Factored Load 
 
AC155 also has a tested displacement criterion to calculate the allowable load and 
strength based design load. Because this thesis is looking at the capacity of the steel 
connector assembly the displacement based criterion was not used. Figure SS on the 
following page is a summary table of the results from all of the testing.  
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Connector Type HDU8-S2.5 HD7B Single Sided 
How Many Test 
Units 
3 3 
Allowable Design 
Load (lbs) 
Simpson Strong-Tie AC155 Simpson Strong-Tie AC155 
6223 7697 6558 4797 
Observed Failure 
Mode 
Shear Plug Wood Split 
Tested Strength 
(lbs) 
H1.1 H1.2 H1.3 H2.1 H2.2 H2.3 
23090 28182 28713 14390 16330 19004 
Displacement at 
Failure (Inches) 
0.389 0.634 0.572 0.223 0.281 0.363 
 
Connector Type HD7B Double Sided MST60 Strap 
How Many Test 
Units 
3 3 
Allowable Design 
Load (lbs) 
Simpson Strong-Tie AC155 Simpson Strong-Tie AC155 
13116 9697 
4830 (assuming 16d 
common nails) 
4582 
Observed Failure 
Mode 
Shear Plug Net Tension 
Tested Strength 
(lbs) 
H3.1 H3.2 H3.3 S1.1 S1.2 S1.3 
29090 35185 36005 13747 13828 14096 
Displacement at 
Failure (Inches) 
0.135 0.189 0.183 0.124 0.175 0.181 
Figure SS: Summary Table of the Results From All of the Testing 
 
There are two allowable design loads given in Figure SS above. One allowable 
design load is taken from the Simpson Strong-Tie product catalog based on independent 
testing in conformance with AC155. Because my testing used 3 1/8” thick members, the 
Simpson Strong-Tie allowable design load values in Figure SS above were found from 
interpolation. Also the completed testing for the MST60 strap used 10d screw shank nails 
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in which there is no allowable design load specifically given in the Simpson Strong-Tie 
product catalog. So the allowable design load for 10d common nails was used as a 
comparison for testing. The allowable values from the Simpson Strong-Tie catalog have 
already been increased for wind and earthquake with a possible load duration factor if 
applicable. The other design load is calculated from the test data per AC155 without the 
deformational limitation invoked. 
After all of the data from the four test series was compiled on the same force vs. 
displacement curve, it was important to determine a line of best fit for the data so the 
stiffness of each system could be compared. If the maximum capacity curves were used, 
the line of best fit would either be linear or a quadratic. However, when looking at only 
the portion of data that would be considered allowable per the Simpson Strong-Tie the 
data was linear for three of the four series as can be seen in Figure TT below.  
 
Figure TT: Series Comparison of Force vs. Deflection for Allowable Capacity 
per Simpson Strong-Tie 
y = 74030x + 828.96 
R² = 0.9866 
y = 69661x - 170.42 
R² = 0.9978 
y = 469739x - 130.07 
R² = 0.9864 
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The S1 series was not used in the comparison because of the non-linear properties 
of the assembly. The resulting nonlinear stiffness of the continuity ties assembly results 
in a nonlinear force distribution of the collective chord forces. This thesis did not 
evaluate the non-linear properties associated with nail slip and its impact on the collective 
chord model. The R
2
 value, or coefficient of determination, provides a measure of how 
well future outcomes are likely to be predicted by the line of best fit used. The R
2
 value 
ranges from 0 to 1. The closer the R
2
 value is to 1 the better the line of best fit can predict 
future out comes. 
As shown in Figure TT on the previous page, the slope from the line of best fit 
yielded the stiffness values for each steel connector assembly. A summary of the stiffness 
values from Figure TT on the previous page is shown in Figure UU below. The stiffness 
values are the slope value from the line of best fit for each series. The single sided steel 
connectors had comparable stiffnesses to each other while the double sided steel 
connector was almost seven times as stiff as the single sided steel connectors. 
Hold down Type Stiffness Value, K (K/in) 
HDU8- S2.5 74.0 
HD7B Single Sided 70.0 
HD7B Double Sided 470.0 
Figure UU: Summary Table of Stiffness Values for Steel Connectors 
 
6.3 Possible Conclusions Being Investigated 
While the testing information is valuable, it needs to be put into context with 
current information. Two different investigations were done to compare chord forces and 
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stiffness values of traditional diaphragm models to the new proposed collective chord 
model. The two investigations were designed around on two possible conclusions.  
The first conclusion being investigated is whether the connections’ stiffness 
behavior is linear which would suggest that simple principle of mechanics can be used to 
compute collective chord behavior, without the need to rely upon experimentally 
determined stiffness values. The second conclusion being investigated is whether the 
axial stiffness of all of the continuity tie chords collectively create enough flexural 
diaphragm stiffness that an existing traditional chord participation is minimized. This 
conclusion considers the experimentally determined stiffness values in the analysis. 
The support of the first conclusion came from the following train of thought. 
There are two independent portions of deformation in a diaphragm, shear deformation 
and flexural deformation. From basic diaphragm behavior it is known that diaphragm 
chords are assumed to resist only flexural deformation and resulting flexural stresses. 
Traditionally there are only diaphragm chords on the perimeter of the building. With the 
collective chord model the continuity ties, already required per code in the diaphragm, 
can act as multiple chords, collectively resisting the flexural stresses. If the axial 
stiffnesses of the continuity tie chords are linear with an increase in loading, then the 
force in each continuity tie chord can be computed using principles of mechanics 
regardless of what the actual stiffness is.  
The experimental tests completed show the connection stiffnesses are indeed 
within the linear range of “expected” loading and thus the entire collective chord is a 
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linear response. The connections’ linear stiffness behavior suggests simple principle of 
mechanics can be used to compute collective chord forces as outlined by Lawson (2007). 
Because continuity tie stiffness response is found to be linear, the developed equations 
for calculating collective chord forces are valid for large wood roof systems such as those 
looked at in this thesis. This conclusion does not rely on the actual stiffness values 
experimentally determined and is demonstrated in Investigation 1: Traditional Method, in 
section 6.4.1 on the following pages. 
The next conclusion investigated is whether the axial stiffness of all the continuity 
tie chords collectively creates enough flexural diaphragm stiffness that an existing 
traditional chord participation is minimized. This concept is investigated in Investigation 
II: Collective Chord Method, in Section 6.4.2 on the following pages. The experimentally 
determined stiffness values were used in this investigation to determine the collective 
flexural diaphragm stiffness of the continuity tie chords, which gave evidence in the 
example building, had of enough flexural stiffness to make the traditional wall chord 
insignificant or marginalized. 
6.4 Comparative Investigations 
A typical building size and system is provided to investigate potential 
conclusions. The building is 480′ x 480′ with 48′ bays and purlins at 8′ on center.  The 
concrete walls are 8′′ thick and 28′ tall with a 2′ tall parapet. Figure VV on the following 
page is the basic framing plan for the investigations. The first investigation completed 
was using the traditional design method for diaphragms. The second investigation 
completed was using the collective chord model design for diaphragms. The seismic and 
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site data used represented a fairly high seismic region on the western coast of the United 
States. The information given on the following page is the other given information used. 
 
Figure VV: Basic Framing Plan for Case Study Building 
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Given Information 
   
Roof:  
    
  
Dead Load = 15 PSF 
  
Live Load = 20 PSF (reducible) 
Walls: 
    
  
Thickness = 8 inches 
  
Height = 30 Feet 
  
Normal Weight Concrete = 150 PCF 
  
f′c = 4000 PSI 
  
A615, Grade 60 Rebar, Fy = 60 KSI 
Roof Sheathing: 
   
  
15/32" Structural - I Sheathing 
Roof Structure: 
   
  
Glulam purlins and girders. All wood is Douglas-fir 
Seismic Force-Resisting system: 
 
  
Bearing wall system consisting of intermediate precast shear 
walls, using a R of 4 
Seismic and Site Data: 
  
  
Mapped Spectral accelerations for the site 
  
Ss = 1.5 g (Short Period) 
  
S1 = 0.6 g (1-Second Period) 
  
Occupancy Category = II 
  
Site Class = D 
Wind 
    
 
Assumed to not govern 
  
The calculations on the following pages are how the diaphragm forces were generated.  
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Design Base Shear Coefficient 
       
*Design Spectral Response Acceleration SDS and SD1 
     
          
 
For SS = 1.5g and S1 = 0.6g and Site Class D 
     
  
Fa = 1.0 
       
  
Fv = 1.5 
       
          
  
SMS = FASS = 1.0 (1.5) = 1.5 (Short Period) 
 
  
SM1 = FVS1 = 1.5 (0.6) = 0.9 (1-Second Period) 
          
  
SDS = 2/3SMS = 2/3 (1.5) = 1.0 (Short Period) 
 
  
SD1 = 2/3SM1 = 2/3 (0.9) = 0.60 (1-Second Period) 
          
 
For SDS = 1.0 and Occupancy II, SDC = D 
     
 
For SD1 = 0.60 and Occupancy II, SDC = D 
     
          
 
Using ASCE/SEI 7-05 Section 12.6 and Table 12.6-1, the Equivalent 
Lateral Force Procedure of Sections 12.8 can be used 
 
          
  
Ta = Cthn
x
 
      
  
Ct = 0.02, x = 0.75, hn = 28' 
     
  
Ta = 0.02 (28) 
0.75
 = 0.24 s 
     
 
Per Section 12.8.1.3 Ss = 1.5 
      *Base Shear Using the Equivalent Lateral- Force Procedure 
    
  
V = CSW CS =  SDS 
     
    
(R/I) 
     
          
  
R = 4  For intermediate precast concrete shear walls 
  
I = 1.0 For occupancy Category II 
    
          
   
Therefore CS =  1 = 0.25 
   
    
(4/1) 
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Check max limit for Cs where T ≤ TL 
     
          
  
CSMAX = SD1   = 0.6 = 0.63 > 0.25 OK 
   
T (R/I) 0.24 (4/1) 
     
          
 
Check min Cs 
       
  
CSMIN = 0.01 < 0.25 OK 
     
          
  
CSMIN = 0.5S1  = 0.5 (0.6) = 0.08 < 0.25 OK 
   
(R/I) (4/1) 
     
          
  
CSMIN < 0.25 < CSMAX Therefore OK and CS = 0.25 Governs 
          
  
V = CSW = 0.25W 
      
          *Roof Diaphragm Shears 
       
 
East-West Direction 
       
 
 
          
           
           
           
           
           
           
           
           
           
 
w is computed using the diaphragm length and wall heights 
   
  
Roof Dead Load =  15 PSF 
       
  
Wall Dead Load =  8.00'' (150 PCF) = 
100 
PSF 
  
   
12''/1' 
      
  
Roof Height =  28 Feet Average 
      
  
Parapet Height =  2 Feet Average 
      
 
 
 
 80 
625 K 
625 K 
A 
J 
 
w = 2604 #/FT 
Shear 
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w = 0.25(15 PSF)(480 FT) + [0.25(100 PSF)(30 FT)(30/2)(1/28)]2 = 
 
w =2604 plf 
        
           
 
Diaphragm Shear at Line A 
       
 
624960 #  = 1302 #/FT 
       
 
480 FT 
         
           
 
Because this building is doubly symmetric the roof diaphragm shears will 
be the same in the North-South direction  
   
6.4.1 Investigation 1: Traditional Method 
The first investigation uses the given information mentioned above to find the 
perimeter chord force, area of steel used for the perimeter chord, and the wall-roof 
anchorage force transmitted into the continuity ties. The stiffness of the steel chord was 
calculated using the equation    
  
 
 .  
Figure WW below is a summary of the findings from the traditional chord method. 
 LRFD ASD 
Perimeter Chord Force (Kip) 156.2 109.4 
Area of Steel Required (in
2
) 3.00 - 
Continuity Tie Force (Kip) 10.29 - 
Stiffness of Perimeter Chord (Kip/in) 15.1 - 
Figure WW: Summary of Findings from the Traditional Chord Method 
 
The traditional method considers only the continuous steel in the perimeter walls 
of the building to act as a chord for the building. Because only the continuous steel is 
considered, the chord force is very large, as shown in Figure WW above. The large chord 
force thus requires a large amount of chord steel to handle the load. The calculated wall-
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roof anchorage force is much smaller than the perimeter chord force and is smaller than 
the allowable capacity found for the HD7B double sided system during testing. The 
allowable capacity for the HD7B double sided system was 11.73 Kip, which is greater 
than the 10.29 Kip wall-roof anchorage force and thus was used for the steel connector 
for the wall anchorage continuity ties.  
While only the value of the stiffness for the perimeter chord is shown in Figure 
WW above, the perimeter chord stiffness value is compared to the stiffness value for a 
single line of purlins and their continuity tie connections. The stiffness value for the 
single line of purlins with their connections is K HD7B Double Sided Line = 6.1 K/in. The 
stiffness value for a single line of purlins with their connections was found in two steps. 
The first step was to find the stiffness of an individual system consisting of a purlin with 
a double sided HD7B installed on each end of the purlin as shown in Figure XX below. 
The purlin, a 3” X 27” DF 2 F-V4, was designed for the loading stated in the given 
information on the previous pages. The equation shown in Figure XX below was used to 
calculate the system stiffness, K HD7B Double System= 79.7 K/in 
 
Figure XX: Equation Used to Find the System Stiffness for a Glulam Beam 
with a Double Sided HD7B Installed on Both Sides  
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For Figure XX on the previous page: 
KEffective= Stiffness of a Continuity Tie Unit, Consisting of a Single Purlin With a 
Steel Connector at Each End (K/in) 
KGLB = Stiffness of the Glulam Beam Calculated Based on the Glulam Beam 
Properties (K/in) 
KSteel Connector= Stiffness of the Steel Connectors Calculated After Testing (K/in) 
The second step was to use the system stiffness found for a single purlin length to 
compute the stiffness for a single line of continuity ties of the same length as the steel 
perimeter chord. The same principle used to find the system stiffness was used to find the 
full-length single line stiffness. There were ten of the glulam beams with a double sided 
HD7B installed on each end in the single line of continuity ties and thus the stiffness of 
that line was K HD7B Double Sided Line = 6.1 K/in. The traditional steel chord stiffness, K Steel 
Chord = 15.1 K/in, is nearly double that of the single line of continuity ties.  
But looking at the overall diaphragm shows the addition of all the continuity tie 
line stiffnesses far exceeds that of the traditional rebar chord. A small portion of the 
forces found in the continuity ties will be pulled toward the traditional rebar chord 
because it is stiffer than a single line of continuity ties, but overall the continuity ties will 
inadvertently act as collective chords. Therefore the continuity ties will engage based on 
the relative stiffness of the traditional steel chord compared to the collective continuity tie 
chord.  
6.0     RESULTS    65 
 
Investigation of how the stiffness of continuity tie connections in wood 
diaphragms impacts collective chord behavior 
The stiffness of all of the cross tie lines ( continuity ties) was found using a multi-
step process described in detail in section 6.3.2. The stiffnesses found for all of the cross 
tie lines added together was K Diaphragm with all Cross Ties = 92.9 K/in. Figure YY below is a 
summary of all the stiffness values found for the first case study. 
 K (Kip/in) 
K Steel Chord 15.1 
K HD7B Double Sided Line 6.1 
K Diaphragm with all Cross Ties  92.9 
Figure YY: Summary of Stiffnesses Found For Investigation 1 
 
Calculations for stiffness were focused on the locations where the diaphragm is in 
tension. In an ideal situation, when the diaphragm is in compression the diaphragm 
should have a higher stiffness than is assumed from the stiffness computed from the 
tension tests. This assumption is based on the expectation that wood bearing on wood 
during compression forces is stiffer than the observed tensile deformation. There is a 
more direct, full connection between members in an ideal compression situation which 
would make the diaphragm stiffness higher. In a worst case scenario of diaphragm 
compression, there are gaps between members from erection tolerances. In this worst 
case scenario the gaps would be large enough for the diaphragm to actually have a lower 
stiffness in compression than when in tension. In reality when the diaphragm is 
constructed the members are somewhere in between the ideal scenario and the worst case 
scenario. Because of this the diaphragm stiffness will most likely be somewhere in the 
middle of ideal and worst case, and thus about the same as the tension scenario. Another 
item considered when the diaphragm is in compression is if the compression side of the 
6.0     RESULTS    66 
 
Investigation of how the stiffness of continuity tie connections in wood 
diaphragms impacts collective chord behavior 
diaphragm is more stiff than the tension side, then the neutral axis of the diaphragm 
moves towards the compression zone. When this occurs the tension forces in the 
diaphragm will decrease because there is a larger moment arm due to the neutral axis 
moving towards the compression zone. Therefore the tension forces become even lower 
than they already appear when using the collective chord model. Thus the concepts 
concluded from the collective chord model are still validated. For these two reasons this 
thesis did not investigate in more detail what occurs to the diaphragm when it is in 
compression. 
6.4.2 Investigation 2: Collective Chord Method 
The second investigation used the given information stated previously to find the 
chord forces of the perimeter chord and the interior chords, area of steel used for the 
perimeter chord, and the wall-roof anchorage force.  
The perimeter chord force was found using the following equation from Lawson’s 
paper, “Thinking Outside the Box: New approaches to very large flexible diaphragms” 
(Lawson, 2007). 
    
        
           
 
The interior chords were then found using the following equation from Lawson’s paper. 
        
   
 
  
Where: 
b = Diaphragm Width (ft) 
F0 = Force in Perimeter Continuity Tie (Kip) 
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Fx = Force in Continuity Tie X (Kip) 
s = Continuity Tie Spacing (ft) 
x = Index number correlating to Fx 
Figure ZZ below, graphically illustrates the distribution and labeling of collective chord 
forces calculated using the above equations. Lawson’s paper assumes a linear force 
distribution for the collective chord model. 
 
 
 
 
 
 
 
 
 
 
 
After all of the chord forces were found using the collective chord model, they were 
compared to the chord force found using the traditional method.  
The bending stiffness of the diaphragm for the collective chord model was 
calculated using a multiple step process. The first step was finding the chord forces for 
Figure ZZ: Graphical Illustration of the Distribution 
and Labeling of Collective Chord Forces 
F1 
F2 
F3 
Fn 
Fn-1 
F0 
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the collective chord model as stated above. The next step was to find the bending 
deformation of the diaphragm. For the collective chord method the moment of inertia of 
the diaphragm was calculated using the parallel axis theorem. Once the moment of inertia 
expression was found, it was then plugged into the bending deformation equation. 
Lawson went through the derivation for the collective chord moment of inertia and 
collective chord bending deformation in his paper, “Thinking Outside the Box: New 
approaches to very large flexible diaphragms” (2007). The bending deformation equation 
is as follows: 
          
      
              
 
Where: 
A = Cross Sectional Area of Purlin (in
2
) 
b = Diaphragm Width (ft) 
E = Modulus of Elasticity of Purlin (psi) 
L = Diaphragm Length (ft) 
s = Continuity Tie Spacing (ft) 
v = Diaphragm shear (plf) 
Once the bending deformation was found the stiffness for each chord line was found by 
using the equation,           
     
        
. 
There was about an 84% reduction in the perimeter chord force when using the 
collective chord method. Hence the area of steel needed in the perimeter chord was also 
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about 84% less than when the traditional method was used. The wall-roof anchorage 
force, Fp = 10.29 K, is the same regardless of which diaphragm chord method is being 
used. Figure AAA on the following page shows the chord forces found. 
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Chord Forces 
 
  
Traditional Collective Chord 
ASD 
Continuity 
Tie (Kip) 
Stiffness LRFD ASD Stiffness LRFD ASD 
Chord 
Line K (K/in) 
F 
(Kip) 
0.7F 
(Kip) K (K/in) 
F x 
(Kip) 
0.7Fx 
(Kip) 
Perimeter 
Chord 
15.1 156.2 109.4 1.6 14.87 10.41 10.29 
1 0 0 0 6.1 14.37 10.06 10.29 
2 0 0 0 5.9 13.88 9.71 10.29 
3 0 0 0 5.7 13.38 9.37 10.29 
4 0 0 0 5.5 12.89 9.02 10.29 
5 0 0 0 5.3 12.39 8.67 10.29 
6 0 0 0 5.0 11.90 8.33 10.29 
7 0 0 0 4.8 11.40 7.98 10.29 
8 0 0 0 4.6 10.90 7.63 10.29 
9 0 0 0 4.4 10.41 7.29 10.29 
10 0 0 0 4.2 9.91 6.94 10.29 
11 0 0 0 4.0 9.42 6.59 10.29 
12 0 0 0 3.8 8.92 6.25 10.29 
13 0 0 0 3.6 8.43 5.90 10.29 
14 0 0 0 3.4 7.93 5.55 10.29 
15 0 0 0 3.2 7.43 5.20 10.29 
16 0 0 0 2.9 6.94 4.86 10.29 
17 0 0 0 2.7 6.44 4.51 10.29 
18 0 0 0 2.5 5.95 4.16 10.29 
19 0 0 0 2.3 5.45 3.82 10.29 
20 0 0 0 2.1 4.96 3.47 10.29 
21 0 0 0 1.9 4.46 3.12 10.29 
22 0 0 0 1.7 3.97 2.78 10.29 
23 0 0 0 1.5 3.47 2.43 10.29 
24 0 0 0 1.3 2.97 2.08 10.29 
25 0 0 0 1.1 2.48 1.73 10.29 
26 0 0 0 0.8 1.98 1.39 10.29 
27 0 0 0 0.6 1.49 1.04 10.29 
28 0 0 0 0.4 0.99 0.69 10.29 
29 0 0 0 0.2 0.50 0.35 10.29 
N.A. 0 0 0 0.0 0.00 0.00 10.29 
 
∑ 15.1 
 
∑ 92.9 
    
Figure AAA: Summary of Forces and Stiffnesses Calculated for Investigation 
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As shown in Figure AAA on the previous page, the calculated continuity tie force 
is larger than the calculated chord force on all chord lines except for the perimeter chord. 
With the continuity tie force being larger than the chord forces, the continuity tie force 
design governs the chord force design when determining steel connectors for continuity 
ties for this example building. Because the continuity tie force design governed over the 
collective chord force in this example, the existing buildings was already appropriately 
designed for the collective chord model to be accommodated. However, the perimeter 
rebar chord in existing building is over designed and overly stiff because it was designed 
per the traditional method where the perimeter chord force is significantly larger. 
 Figure AAA on the previous page also gives a comparison of the axial line 
stiffnesses for the traditional method and the collective chord model. With the decreased 
perimeter chord force, the amount of steel required is about 84% lower. Because the 
perimeter chord force decreased, there is a corresponding decrease in the cross sectional 
area required for the perimeter continuous steel chord. Due to the decreased cross 
sectional area of steel required, the axial stiffness of the continuous rebar perimeter chord 
in the collective chord model also decreased. With the decreased axial stiffness of the 
continuous rebar chord in the collective chord model, the axial stiffness of a single line of 
cross ties increased to about four times larger than the perimeter chord. As such, the 
perimeter chord barely engages based on the relative stiffness of the cross tie chord.  
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7.0      CONCLUSION 
While the testing done in this thesis is only a stepping stone in the research 
needed to further develop the appropriate design of diaphragms, the testing did show that 
the collective chord model does have a future in wood diaphragm design. 
7.1  Support for Thesis 
Overall the results found during testing and analysis supported the collective 
chord model. The results from the testing phase of this thesis showed that the HDU8-
S2.5, HD7B single and HD7B double sided metal connectors had no bolt or screw slip 
during initial loading. Any slip that occurred was taken out with the half turn of the nut 
on the anchor rod at the beginning of testing. The half turn of the nut was required by the 
manufacturer’s installation guidelines for the steel connectors. All three of these steel 
connectors behaved in a linear manner until their allowable capacity was reached, then 
continued to behave in a gradual non-linear manner until their ultimate capacity was 
reached. The ultimate capacity was about three times as large as the allowable capacity 
and thus the connectors have a factor of safety of about three built into them.  
The completed analysis on a typical warehouse size building showed that the 
collective chord model will act inadvertently on an existing building designed with a 
traditional chord, or alternatively will act intentionally in the design of a new building. 
The continuity tie stiffness is large enough compared to the perimeter steel chord to 
engage the continuity tie members to act collectively. 
The example with the collective chord model also found that the wall-roof 
anchorage force was slightly larger than the chord forces. Thus the continuity ties could 
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be generally designed for the wall-roof anchorage force and not need to be redesigned for 
the chord forces. Because there was about an 84% reduction in chord forces in this 
building example, the amount of steel required in the perimeter chord also dropped by 
about 84%. The drop in cross sectional area of the steel greatly reduces the stiffness of 
the steel chord making it not engage nearly as much, if at all, as when it was designed 
traditionally. 
When the collective chord model was used, the chord forces were about 84% 
lower than when using the traditional method to design the perimeter chord force for 
design level forces. Because the chord forces are so low at design level, they are in the 
linear range of the steel connector’s capacity. 
7.2 Industry Relevance  
 The testing and analysis completed created a basis for further research into the 
actual static and dynamic behavior of diaphragms. The collective chord model does seem 
to be a reasonable approximation for how diaphragms actually behave. If more research 
is conducted into different shaped and sized buildings to confirm that the collective chord 
model will work on most buildings, then the collective chord model will be a more 
effective way to design diaphragms than the current traditional model. 
 The continuity tie force was only slightly larger than the chord forces when using 
the collective chord model for design in the example buildling. But the continuity tie steel 
connectors have a factor of safety of about three built into them. For new construction, of 
different shape or size buildings from what was analyzed in this thesis, some of the 
perimeter chords might have a slightly larger force than the wall anchorage force. If the 
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chord forces are larger than the wall anchorage force it might be a reasonable assumption 
that the wall anchorage force design would be adequate because of the factor of safety of 
three on the steel connectors. However careful consideration should be taken to ensure 
that the continuity tie connectors are adequately designed for the governing force. 
 More research and testing needs to be conducted to solidify the actual dynamic 
response of a large diaphragm, but this thesis does not suggest the direction this research 
should take. If design level chord forces do begin to extend into the non-linear range, 
experimentation needs to be done to see how non-linear impacts the collective chord 
model. 
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8.0     GLOSSARY 
RW/FD: Rigid wall/ flexible diaphragm  
LFRS: Lateral Force Resisting System 
ASCE 7-05: American Society of Civil Engineers Minimum Design Loads for Buildings 
and Other Structures 
IBC: International Building Code 
UBC: Uniform Building Code 
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10.0    APPENDIX 
10.1 Test Procedures 
Below are the individual test procedures. 
10.1.1 H1 Series Test Procedure 
1. Measure and record the moisture content of the wood specimen, sampling several 
locations across the surface. 
2. Cut the 1′′ diameter high strength rod for the fabricated bracket to the necessary 
length. 
3. Attach high strength rod to fabricated bracket with a double nut assembly.  
4. Attach fabricated bracket to glulam with 36 SDS screws (18 each side).  
5. Attach metal connector to glulam 
a. Photograph wood prior to attaching hold downs to document any defects 
in the wood. 
b. Place hold down on the center of the middle lam of glulam such that the 
bracket will be installed 4′′ clear of end of beam. Screw hold down in 
place. 
6. Have Riehle machine prepared:  
a. Remove clamping jaws.  
b. Have top head at proper elevation. 
7. Put bracket and glulam in Riehle machine with bracket at top 
a. Place 1′′ thick steel load plate on top of top head (with 1′′ high strength 
rod passing through). 
b. Thread load cell over 1” diameter high strength rod 
8. Place a thick 1/4′′ washer plate and nut above the load cell and finger tighten 
9. Attach 7/8′′ diameter rods to steel connectors  and 1′′ steel plate at bottom jaw of 
Riehle machine with nuts and provide 1/4′′ plate washers if necessary against the 
1′′ plate’s oversized holes. If an additional 1′′ steel plate is available, sandwich the 
lower jaw to self support the steel connector anchor rod prior to attaching to the 
HD7B.  
10. Install low friction rollers to counteract lateral movement from the assembly 
eccentricity. 
11. Record unbraced length of anchor rod (per AC155). 
12. Attach extensometers on glulam and steel connector to measure the movement 
between the test bed and the wood member. 
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13. Measure and record moisture content of wood again if more than a week has 
transpired since first measured. 
14. Photograph the test set up prior to the start. Provide whiteboard with test number, 
test specimen, date, EFI Grant number, “ARCE”, “Cal Poly, SLO”, 
“Lawson/Yarber”. 
15. Record time of start of test and date.  
16. Finger tighten as much as possible the nuts on the 7/8′′ diameter rod then add 
exactly half turn. 
17. Apply a constantly increasing axial tension load until failure. 
a. The rate of loading should be between 0.03′′ and 0.2′′ per min until peak 
load (record actual rate) 
b. Record loads to nearest 3 significant figures. 
c. Record displacements to the nearest 0.001′′ 
d. Record failure load, etc. Loads recorded to at least 3 significant figures. 
18. Record time at failure, length of test, and the head movement. Photograph the test 
specimen’s failure mechanism prior to disassembly. 
19. Photograph the test specimen’s failure mechanism after disassembly if additional 
views are noteworthy. 
20. Record failure mechanism. 
10.1.2 H2 Series Test Procedure 
1. Measure and record the moisture content of the wood specimen, sampling several 
locations across the surface. 
2. Drill holes (3) 13/16′′ diameter in the center of glulam as follows:  
a. Use HD7B as a template for the bolt hole locations. Locate centerline of 
holes away from a glue joint in the glulam. With an odd number of lams, 
the center of the member should be exactly in the middle of a 1 1/2′′ lam.  
b. Locate holes such that the HD7B bracket will be installed 4′′ clear of the 
end of the beam.  
c. Consider drilling the holes with a drill press to ensure they are exactly 
perpendicular to the surface and don’t route-out the hole any larger than 
13/16′′ diameter. 
3. Cut the 1′′ diameter high strength rod for the fabricated bracket to the necessary 
length. 
4. Attach high strength rod to fabricated bracket with a double nut assembly.  
5. Attach fabricated bracket to glulam with 36 SDS screws (18 each side).  
6. Have Riehle machine prepared:  
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a. Remove clamping jaws.  
b. Have top head at proper elevation. 
7. Put bracket and glulam in Riehle machine with bracket at top 
a. Place 1′′ thick steel load plate on top of top head (with 1′′ high strength 
rod passing through). 
b. Thread load cell over 1′′ diameter high strength rod 
c. Place a thick washer plate and nut above the load cell and finger tighten 
8. Attach metal connectors to glulam 
a. Photograph wood prior to attaching hold downs to document any defects. 
b. Loosely hand tighten the 3/4′′ bolts in place with standard cut washers 
against the wood. Do not fully tighten until after the anchor rod is 
tightened. 
9. Attach 7/8′′ diameter rods to metal connectors and 1′′ steel plate at bottom jaw of 
Riehle machine with nuts and provide 1/4 ′′ plate washers if necessary against the 
1” plate’s oversized holes. If an additional 1′′ steel plate is available, sandwich the 
lower jaw to self support the hold down anchor rod prior to attaching to the 
HD7B.  
10. Install low friction rollers to counteract lateral movement from the assembly 
eccentricity. 
11. Tighten snugly the loose 3/4′′ nuts on the three hold down bolts (see step 7a). 
12. Record unbraced length of anchor rod (per AC155). 
13. Attach extensometers on glulam and steel connector to measure the movement 
between the test bed and the wood member. 
14. Measure and record moisture content of wood again if more than a week has 
transpired since first measured. 
15. Photograph the test set up prior to the start. Provide whiteboard with test number, 
test specimen, date, EFI Grant number, “ARCE”, “Cal Poly, SLO”, 
“Lawson/Yarber”. 
16. Record time of start of test and date.  
17. Finger tighten as much as possible the nuts on the 7/8′′ diameter rod then add 
exactly half turn. 
18. Apply a constantly increasing axial tension load until failure. 
a. The rate of loading should be between 0.03′′ and 0.2′′ per min until peak 
load (record actual rate) 
b. Record loads to nearest 3 significant figures. 
c. Record displacements to the nearest 0.001′′ 
d. Record failure load, etc. Loads recorded to at least 3 significant figures. 
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19. Record time at failure, length of test, and the head movement. Photograph the test 
specimen’s failure mechanism prior to disassembly. 
20. Photograph the test specimen’s failure mechanism after disassembly if additional 
views are noteworthy. 
21. Record failure mechanism. 
10.1.3 H3 Series Test Procedure 
1. Measure and record the moisture content of the wood specimen, sampling several 
locations across the surface. 
2. Drill holes (3) 13/16′′ diameter in the center of glulam as follows. 
a. Use HD7B as a template for the bolt hole locations. Locate centerline of 
holes away from a glue joint in the glulam. With an odd number of lams, 
the center of the member should be exactly in the middle of a 1 1/2′′ lam.  
b. Locate holes such that the HD7B bracket will be installed 4′′ clear of the 
end of the beam.  
c. Consider drilling the holes with a drill press to ensure they are exactly 
perpendicular to the surface and don’t route-out the hole any larger than 
13/16′′ diameter. 
3. Cut the 1′′ diameter high strength rod for the fabricated bracket to the necessary 
length. 
4. Attach high strength rod to fabricated bracket with a double nut assembly.  
5. Attach fabricated bracket to glulam with 36 SDS screws (18 each side).  
6. Have Riehle machine prepared:  
a. Remove clamping jaws.  
b. Have top head at proper elevation. 
7. Put bracket and glulam in Riehle machine with bracket at top 
a. Place 1′′ thick steel load plate on top of top head (with 1′′ high strength 
rod passing thru). 
b. Thread load cell over 1′′ diameter high strength rod 
c. Place a thick washer plate and nut above the load cell and finger tighten 
8. Attach steel connectors to glulam 
a. Photograph wood prior to attaching steel connectors to document any 
defects in the wood. 
b. Loosely hand tighten the 3/4′′ bolts in place with nuts against the backside 
hold down. Do not fully tighten until after the anchor rod is tightened. 
9. Attach 7/8” dia. rods to hold downs  and 1′′ steel plate at bottom jaw of Riehle 
machine with nuts and provide 1/4′′ plate washers if necessary against the 1′′ 
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plate’s oversized holes. If an additional 1′′ steel plate is available, sandwich the 
lower jaw to self support the hold down anchor rod prior to attaching to the 
HD7B.  
10. Tighten snugly the loose 3/4′′ nuts on the three hold down bolts (see step 7a). 
11. Record unbraced length of anchor rod (per AC155). 
12. Attach extensometers on glulam and hold down to measure the movement 
between the test bed and the wood member. 
13. Measure and record moisture content of wood again if more than a week has 
transpired since first measured. 
14. Photograph the test set up prior to the start. Provide whiteboard with test number, 
test specimen, date, EFI Grant number, “ARCE”, “Cal Poly, SLO”, 
“Lawson/Yarber”. 
15. Record time of start of test and date. 
16. Finger tighten as much as possible the nuts on the 7/8′′ diameter rod then add 
exactly half turn. 
17. Apply a constantly increasing axial tension load until failure. 
a. The rate of loading should be between 0.03′′ and 0.2′′ per min until peak 
load (record actual rate) 
b. Record loads to nearest 3 significant figures. 
c. Record displacements to the nearest 0.001′′ 
d. Record failure load, etc. Loads recorded to at least 3 significant figures. 
18. Record time at failure, length of test, and the head movement. Photograph the test 
specimen’s failure mechanism prior to disassembly. 
19. Photograph the test specimen’s failure mechanism after disassembly if additional 
views are noteworthy. 
20. Record failure mechanism. 
10.1.4  S1 Series Test Procedure 
1. Measure and record the moisture content of the wood specimen, sampling several 
locations across the surface. 
2. Cut OSB into (2) 8 1/4′′ x 30 1/4′′ pieces 
3. Measure a line 1′′ from the edge of OSB piece. Then mark every 2 1/2′′ on that 
line for nail placement to attach to glulam beam. Repeat for both pieces of OSB. 
4. Align both pieces of OSB on the bottom of the short side of the glulam. Center 
the two pieces along the short edge of the glulam. Leave a 1/8′′ gap between OSB 
pieces. 
5. Attach OSB to glulam beam with 10d nails at premarked spots. 
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6. Place MST 60 strap centered on top of OSB pieces. Leave a 3′′ gap from the end 
of the plywood to the end of the strap.  
7. Attach MST 60 strap with 30 10d nails, starting at the finished end. 
8. Cut the 1′′ diameter high strength rod for the fabricated bracket to the necessary 
length. 
9. Attach high strength rod to fabricated bracket with a double nut assembly.  
10. Attach fabricated bracket to glulam with 36 SDS screws (18 each side).  
11. Have Riehle machine prepared:  
a. Remove clamping jaws.  
b. Have top head at proper elevation. 
12. Put bracket and glulam in Riehle machine with bracket at top 
a. Place 1′′ thick steel load plate on top of top head (with 1” high strength 
rod passing through). 
b. Thread load cell over 1′′ diameter high strength rod 
c. Place a thick 1/4′′ washer plate and nut above the load cell and finger 
tighten 
13. Install low friction rollers to counteract lateral movement from the assembly 
eccentricity. 
14. Attach extensometers on glulam and steel connector to measure the movement 
between the test bed and the wood member as well as the plywood and wood 
member. 
15. Clamp lower head jaw of the Riehle machine onto MST 60 strap. 
16. Measure and record moisture content of wood again if more than a week has 
transpired since first measured. 
17. Photograph the test set up prior to the start. Provide whiteboard with test number, 
test specimen, date, EFI Grant number, “ARCE”, “Cal Poly, SLO”, 
“Lawson/Yarber”. 
18. Record time of start of test and date.  
19. Apply a constantly increasing axial tension load until failure. 
a. The rate of loading should be between 0.03′′ and 0.2′′ per min until peak 
load (record actual rate) 
b. Record loads to nearest 3 significant figures. 
c. Record displacements to the nearest 0.001′′ 
d. Record failure load, etc. Loads recorded to at least 3 significant figures. 
20. Record time at failure, length of test, and the head movement. Photograph the test 
specimen’s failure mechanism prior to disassembly. 
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21. Photograph the test specimen’s failure mechanism after disassembly if additional 
views are noteworthy. 
22. Record failure mechanism. 
10.2 Test Setup Configurations 
Below are the technical drawings of the individual test setups. 
10.2.1 H1Series HDU8-S2.5 
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10.2.2 H2 Series HD7B Single Sided 
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10.2.3 H3 Series HD7B Double Sided 
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10.2.4 S1 Series MST 60 Strap Single Sided 
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10.3 Testing Data Tables 
The following tables are samples of the raw data and calibrated data from the 
completed tests. 
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10.3.1 H1.1 
 
 
 
  
H1.1 12-9-2011
Spreadsheet calculation
User Input
Average Rate of loading = 0.14 Inches/Minute Moisture Content
Test length : 7:13 Min:Sec 10
Test Date : 12/9/2011 10.2
Test Time : 11:48 am 10.5
Average Moisture content = 9.8 % 10.1
Wood Temperature = 56 ° F 9.7
Testing Rod Length = 17.1875 Inch 9.5
Theoretical Rod Length = 7.375 Inch 9.3
Head movement= 1.341 Inch 8.7
Calculated Average rate of loading= 0.19 Inches/minute 10.5
Avg MC 9.8 %
2:49 Split thru screw line but still holding and taking load
6:05 Major drop in load capacity. Shear plug failure with entire holdown grabbing wood 7/8" diam. Rod properties
A = 0.462 in2
E = 29000000 psi
0 
5000 
10000 
15000 
20000 
25000 
0 0.2 0.4 0.6 0.8 1 1.2 1.4 
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Displacement (inches) 
Force vs Displacement for H1.1 
Average Blue Sensors Average Red Sensors 
Calibrated Average Blue Calibrated Average Red 
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Investigation of how the stiffness of continuity tie connections in wood 
diaphragms impacts collective chord behavior 
10.3.2 H1.2 
 
 
  
H1.2 12-9-2011
Spreadsheet calculation
User Input
Average Rate of loading = 0.17 Inches/Minute Moisture Content
Test length : 6:16 Min:Sec 10.8
Test Date : 12/9/2011 11.2
Test Time : 2:15 pm 10.8
Average Moisture content = 11.1 % 11
Wood Temperature = 59 ° F 11.2
Testing Rod Length = 16.8125 Inch 11.7
Theoretical Rod Length = 7.375 Inch Avg MC 11.11667 %
Head movement= 1.147 Inch
Calculated Average rate of loading= 0.19 Inches/minute
7/8" diam. Rod properties
4:59 sudden split. Load was starting to com down and then the wood split A = 0.462 in2
6:15 shear plug failure E = 29000000 psi
Consider cross grain bending. Might also take more load without wheel because the specimen is allowed to rotate.
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Investigation of how the stiffness of continuity tie connections in wood 
diaphragms impacts collective chord behavior 
10.3.3 H1.3 
 
 
  
H1.3 12-9-2011
Spreadsheet calculation
User Input
Average Rate of loading = 0.20 Inches/Minute Moisture Content
Test length : 5:44 Min:Sec 11
Test Date : 12/9/2011 10.6
Test Time : 2:15 pm 10.8
Average Moisture content = 11.0 % 10.7
Wood Temperature = 60 ° F 11.1
Testing Rod Length = 17.1875 Inch 11.4
Theoretical Rod Length = 7.375 Inch 11.4
Head movement= 1.063 Inch Avg MC 11 %
Calculated Average rate of loading= 0.19 Inches/minute
5:13 split down the side of the holdown
5:44 stop 7/8" diam. Rod properties
A = 0.462 in2
E = 29000000 psi
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Investigation of how the stiffness of continuity tie connections in wood 
diaphragms impacts collective chord behavior 
10.3.4 H2.1 
 
 
  
H2.1 12/8/11 12:50
Spreadsheet calculation
User Input
Average Rate of loading = 0.18 Inches/Minute Moisture Content
Test length : 12:46 Min:Sec 8.8
Test Date : 12/8/2011 8.8
Test Time : 12:50 pm 9.6
Average Moisture content = 9.3 % 9.2
Wood Temperature = 57 ° F 8.9
Testing Rod Length = 17.5 Inch 9.3
Theoretical Rod Length = 7.375 Inch 9.8
Head movement= 2.246 Inch 10
Calculated Average rate of loading= 0.18 Inches/minute 9.2
Avg MC 9.3 %
3:49 First split. Split failure 7/8" diam. Rod properties
12:46 stopped. Took about half of the load for a long time. A = 0.462 in2
E = 29000000 psi
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H2.1 Force vs Deflection Curve 
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10.3.5 H2.2 
 
 
  
H2.2 12/8/2011
Spreadsheet calculation
User Input
Average Rate of loading = 0.19 Inches/Minute Moisture Content
Test length : 8:52 Min:Sec 10.1
Test Date : 12/9/2011 9.4
Test Time : 2:52 pm 10.1
Average Moisture content = 10.9 % 10
Wood Temperature = 57 ° F 12
Testing Rod Length = 17.6875 Inch 11.5
Theoretical Rod Length = 7.375 Inch 12.1
Head movement= 1.591 Inch 12.2
Calculated Average rate of loading= 0.18 Inches/minute Avg MC 10.9 %
2:02 first split 7/8" diam. Rod properties
8:32 stop A = 0.462 in2
Artificial Ductility from the connector digging into the wood E = 29000000 psi
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10.3.6 H2.3 
 
 
  
H2.3 12-9-2011
Spreadsheet calculation
User Input
Average Rate of loading = 0.14 Inches/Minute Moisture Content
Test length : 7:13 Min:Sec 10.4
Test Date : 12/9/2011 10.8
Test Time : 9:43 am 10.6
Average Moisture content = 10.6 % 10.5
Wood Temperature = 57 ° F 10.4
Testing Rod Length = 17.5 Inch 10.7
Theoretical Rod Length = 7.375 Inch 10.8
Head movement= 1.469 Inch 10.9
Calculated Average rate of loading= 0.18 Inches/minute Avg MC 10.6 %
7/8" diam. Rod properties
3:50 First split A = 0.462 in2
8:12 Stop E = 29000000 psi
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10.3.7 H3.1 
 
 
  
H3.1 Test 10/30/2011 9:55
Spreadsheet calculation
User Input
Average Rate of loading = 0.18 Inches/Minute Moisture content
Test length : 1:46 Min:Sec 8.2
Test Date : 10/30/2011 8
Test Time : 9:55 am 8
Average Moisture content = 8.4 % 8.7
Wood Temperature = 71 ° F 8.2
Testing Rod Length = 17.875 Inch 9.3
Theoretical Rod Length = 7.375 Inch 8.1
Avg 8.4 %
7/8" diam. Rod properties
A = 0.462 in2
E = 29000000 psi
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Investigation of how the stiffness of continuity tie connections in wood 
diaphragms impacts collective chord behavior 
10.3.8 H3.2 
 
 
  
H3.2 11/4/2011 1:50
Spreadsheet calculation
User Input
Average Rate of loading = 0.18 Inches/Minute
Test length : 2:42 Min:Sec
Head Movement: 0.496 Inch
Test Date : 11/4/2011
Test Time : 1:50 pm
Average Moisture content = 8.4 %
Wood Temperature = 71 ° F
Testing Rod Length = 19.06 Inch 7/8" diam. Rod properties
Theoretical Rod Length = 7.375 Inch A = 0.462 in2
1/2 turn load = 2200 lbs E = 29000000 psi
Relaxed after 1/2 turn = 2075 lbs
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Displacement (inch) 
Force vs Displacement for H3.2 
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Calibrated Average Blue Calibrated Average Red 
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10.3.9 H3.3 
 
 
  
H3.3 11-4-2011 4:01
Spreadsheet calculation
User Input
Average Rate of loading = 0.19 Inches/Minute
Test length : 2:17 Min:Sec
Head Movement: 10:33 Inch
Test Date : 11/4/2011
Test Time : 4:01 pm
Average Moisture content = 8.4 %
Wood Temperature = 71 ° F
Testing Rod Length = 18.125 Inch
Theoretical Rod Length = 7.375 Inch 7/8" diam. Rod properties
1/2 Turn Load = 2500 lbs A = 0.462 in2
Relaxed after 1/2 turn = 2400 lbs E = 29000000 psi
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10.3.10 S1.1 
 
 
  
S1.1 1/6/12 9:52
Average Rate of loading = 0.18 Inches/Minute
Test length : 3:11 Min:Sec
Test Date : 1/6/2012
Test Time : 9:52 am
Average Moisture content = 10.5 % (test) 12.78 % (Assembly)
Wood Temperature = 57 ° F 63.4 ° F
Head movement= 0.587 Inch
Calculated Average rate of loading= 0.18 Inches/minute
2:58 Split through MST60 strap. Net shear through a larger hole in line with the nail holes.
3:11 stop
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S1.1 Force vs Deflection 
Overall sensors Plywood Sensors Difference Between Overall and Plywood 
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10.3.11 S1.2 
 
  
S1.2 1/10/12 10:30 am
Average Rate of loading = 0.17 Inches/Minute
Test length : 3:36 Min:Sec
Test Date : 1/10/2012
Test Time : 10:30 am
Average Moisture content = 9.8 % (Test) 11.95 % (Assembly)
Wood Temperature = 58 ° F
Head movement= 0.68 Inch
Calculated Average rate of loading= 0.19 Inches/minute
2:45 Load starts to drop
3:22 Strap starts to split (net shear)
3:36 Stop test
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10.3.12 S1.3 
 
 
  
S1.3 1/10/12 2:15pm
Average Rate of loading = 0.20 Inches/Minute
Test length : 3:30 Min:Sec
Test Date : 1/10/2012
Test Time : 2:15 pm
Average Moisture content = 10.3 % (Test) 12.08 % (Assembly)
Wood Temperature = 58 ° F
Head movement= 0.645 Inch
Calculated Average rate of loading= 0.18 Inches/minute
2:42 Load starts to drop
3:13 Split through strap
3:30 Stop test
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